Abstract: This paper presents the latest improvements, in terms of reactivity and molar masses, of the process of cationic polymerisation of p-methoxystyrene in miniemulsion, which was published previously [Cauvin et al., Macromolecules 2002, 35, 7919]. The formulation was adapted to change dramatically the specific surface and the polarity of the interface where the polymerisation takes place. Adding hexadecane permits to significantly decrease the particle diameter and thus to favour a faster polymerisation rate. In addition, droplets generated by sonication are ideally covered by the INISURF (initiator/surfactant) dodecylbenzenesulfonic acid and nucleate quantitatively (true miniemulsion polymerisation). Hexadecane addition finally ensures a better stability of the polymerised dispersion. A more hydrophobic acidic surfactant, though used at much smaller concentrations, again allowed increasing the polymerisation rate. Both systems, however, show no improvements in terms of molar masses compared to those observed previously. By separating the initiating agent (a super acid such as triflic acid) from the surfactant (a non-ionic one) an increase of molar masses is obtained but accompanied by an important drop of the polymerisation rate.
Introduction
For several years now, our group [1-3] and others [4, 5] demonstrated that the ionic polymerisation in emulsion (IPE) process could be applied to other monomers than cyclosiloxanes. Most studies focused on mechanistic aspects, a necessary step when dealing with a new type of polymerisation process. These showed that the polymerisation process takes place exclusively at the particle/water interface. The initiation and propagation reactions are promoted by a judiciously chosen ionic surfactant, which both brings the catalyst (OH -or H + ) at the interface and pairs with the growing chain.
Termination reaction of course involves water, and this process may be reversible (alkyl cyanoacrylates [3, 4] or episulfides [5] ) or not (phenyl glycidyl ether [2] and pmethoxystyrene (pMOS) [1] ). In all cases, anyway, only low molar mass oligomers are produced. The reason for that lies in the decrease of the intrinsic surface activity 1 of hydroxylated oligomers with increasing chain lengths. For a given critical degree of polymerization of constant value (about 10 units), they enter the bulk phase and stop propagating. Note that if the termination reactions were suppressed, active chains would ideally stay charged and would thus propagate indefinitely at the interface.
To circumvent this molar mass limitation, we are currently seeking new IPE systems where termination could be significantly decreased. One approach consists in driving the active chains towards the bulk of the particle. This may be realised through an initiator/cocatalyst system (typically a Lewis acid), where most of the chains are dormant and would thus not propagate at the interface. Sawamoto et al. [6] [7] [8] and us [9, 10] reported some trials using a 'water-resistant' Lewis acid such as ytterbium triflate. Such system revealed difficult to implement for obvious (sharp increase of the ionic strength through the trivalent salt catalyst dissociation, degradation of the alkyl halide initiator in the presence of water) and less straightforward reasons (generation of an inverse miniemulsion, role of the triflate anion in the initiation).
Another approach consists in modifying the interface to make it more hydrophobic and to favour propagation over termination. This is particularly true for pMOS polymerisation where termination with water is not reversible, and for which no means of increasing the molar masses were found so far (see Fig. 1 , adapted from ref.
[1]). We thus designed different sets of experiments in order to increase the specific surface and make it more hydrophobic. Among these, the addition of hexadecane as a hydrophobe, the use of a more hydrophobic surfactant (aristonic acid) and the separation of the initiator (trifluoromethanesulfonic acid) from the surfactant (non-ionic Brij) are presented. Fig. 1 . Number-average molar mass versus conversion in the polymerisation of pMOS in miniemulsion using dodecylbenzenesulfonic acid as an INISURF at five different conditions of temperature, monomer and surfactant contents (see ref.
[1] for specific run conditions not reproduced here). The line is only a guide for the eyes
Experimental part

Materials
2
Unless otherwise stated, all reagents used in this study were purchased from Acros. p-Methoxystyrene (pMOS) (purity 96%) was used as supplied. The purity of dodecylbenzenesulfonic acid (DBSA, Jansen Chimica, 98%) was confirmed by 1 H and 13 C NMR before use. Aristonate surfactant (sodium alkylarylsulfonate) was kindly donated by the Pilot Chemical Company and characterised by electrospray mass spectrometry (Scheme 1). It exhibits a large molar mass distribution with two asymmetrical alkyl chain lengths ranging between 3 and 14 methylene units. It was transformed into acid form using an exchange ion resin before use. Polyoxyethylene (10) cetyl ether (Brij 56) and polyoxyethylene(20) cetyl ether (Brij 58) were used as received (Aldrich). Hexadecane (99%) was used as received. Trifluoromethanesulfonic acid (triflic acid) (99%) was added to the emulsion in water solution just after ultrasonication, whereas the solid p-toluenesulfonic acid (APTS) (Aldrich, 98%) was solubilised in the water phase prior to sonication. Size exclusion chromatography (SEC) measurements were carried out with a device composed of a 515 HPLC pump (Waters), an autosampler S5200 (Viscotek) and a differential refractomer refractomonitor IV (LCD Analytical). Two columns (SDV linear from PSS) thermostated at 40°C were eluted with tetrahydrofuran at a flow rate of 1 mL/min. The calibration curve was built up from polystyrene standards (between 264 and 1 050 000 g/mol, from PSS).
Polymerisation in miniemulsion
Miniemulsions were obtained by sonication using a 450 Branson Ultrasonics Corporation sonifier at power 7 (25 W). pMOS was added to the surfactant solution maintained by means of an ice bath at a temperature of 25°C during sonication (1 min 30 s). The emulsion was then transferred into the reactor where polymerisation proceeded with thermal regulation (typically 60°C) and mechanical stirring (350 rpm). At regular time intervals, 0.5 mL aliquots were withdrawn and neutralised with a stoichiometric amount of 0.1 N NaOH solution to stop the polymerisation. A few drops of the emulsion were used to measure the particle diameter. A spatula of aluminium salt (AlKS 2 O 8 · 12H 2 O, 99.5%) and 0.5 mL CH 2 Cl 2 where then added to achieve easy phase separation by centrifugation and to ensure that no organic products remained in the water.
The conversion and the polymerisation rate were followed by SEC measurements. Refractive indices of monomer (1.562) and polymer (1.570) were taken into account to correct the specific surfaces found under the SEC peaks and to calculate monomer conversions that agree with 1 H NMR measurements [1].
Results and discussion
All results are summarised in Tab. 1. The percentages are expressed in weight compared to the total mass of the emulsion. 
Changing the specific surface of the emulsion
An emulsion may be destabilised by two processes, namely coalescence and Ostwald ripening. In the first process, destabilisation occurs by collisions between particles that fuse together and it is suppressed using an adequate surfactant concentration. We showed in our previous paper [1] that stable miniemulsions could be prepared through sonication using sufficient content of DBSA surfactant (10 wt.-% compared to monomer) to avoid droplet coalescence.
The second phenomenon occurs when the Laplace pressure is different between particles. To equilibrate the system, the monomer (or any other species) contained in small particles diffuses through the water towards the bigger ones. This process is generally discarded or delayed by adding a hydrophobic agent, namely hexadecane or hexadecanol, which cannot diffuse in water (effectiveness is increased with decreasing water solubility). This trapped compound [12] modifies the osmotic pressure into the particles to counteract the Laplace pressure, and is called an 'osmotically' (or kinetically) stable emulsion or miniemulsion. Ostwald ripening could not be seen in any IPE systems [1] [2] [3] [4] [5] , since the polymer chains that are generated through interfacial polymerisation act as this specific trapped species.
Hexadecane also influences the miniemulsion preparation by playing a role during sonication. The ultrasonication step divides the organic phase into droplets through continuous cycles of fission and fusion [13] . The size of the actual dispersion depends on the ability of the surfactant to diffuse on the surface of the tiniest droplets before they coalesce to bigger and more stable ones. The surfactant seems to have more chance to stabilise those containing hexadecane, which results in the formation of thinner miniemulsions at equivalent surfactant concentration [13] . Note that in our high monomer content (typically 35 wt.-%) conditions, it was not possible to add more than 0.6 wt.-% hexadecane, since the emulsion became too thick. This increase in viscosity is readily explained from the low particle size and low polydispersity index of the obtained miniemulsion, which ultimately leads to a percolation of the particles (physical gel).
Particle size variation
The evolution of particle size with conversion is reported in Fig. 2 for runs carried out at different hexadecane content, using DBSA as the surfactant and at 60°C (Tab. 1, runs 1,4,6). Since particle size is measured by QELS, we suspect that the actual d z value may account more for particles of large size, the scatter of which is important, than for the small ones. Due to the different diameters that big and small monomer droplets exhibit, particularly in experiments without hexadecane, only qualitative interpretations are given here and no attempts of determining the number of particles were carried out.
Whereas particle size measurements were easy to carry out for samples containing hexadecane, the one without it revealed quite difficult to analyse, particularly at low conversions. The reason for such difficulties is found in the presence of big monomer droplets that are sensitive to dilution. Numerous 'trial and error' analyses have been performed, changing the surfactant concentration in the dilution solution or looking for the ideal dispersion concentration, to reach reliable particle size and distribution data (Fig. 2 ).
The bare miniemulsion shows a decrease both of particle size and polydispersity with conversion. This trend is explained by the vanishing with conversion of the large droplets mentioned above. These do not nucleate since their specific surface is low and their surfactant content at the interface is poor (see next part). The fact that the polydispersity index is low indicates that droplet nucleation is a fast event here and that the system acts as in a conventional emulsion polymerisation.
When the droplets contain a non-hydrosoluble molecule, such as hexadecane, they cannot disappear and thus nucleate. With about 0.2 wt.-% of hexadecane, particle sizes again decrease, but to a lesser extent, accompanied by an increase of the polydispersity index. The nucleation rate of droplets depends on their size and inter-5 facial surfactant content, which is a slow motion step here and participates to the 'high' PDI. The fact that the average particle size decreases is due to equilibration of monomer between particles depending on their polymer content. For larger hexadecane content, all droplets are sufficiently small from the beginning to rapidly nucleate and thus to keep the particle size constant. This latter case may really be called a 'true' miniemulsion system, since the number of final particles a priori equals the number of droplets originally created. Nevertheless, the size distribution or polydispersity index (PDI) is broader than without hexadecane, which is a common feature of miniemulsion preparation and polymerisation [13] .
Kinetics and INISURF efficiency
Adding hexadecane significantly decreases the particle size, in other words increases the total specific surface of the miniemulsion, the consequence of which is a higher conversion vs. time as shown in Fig. 3a (Tab. 1, runs 1,4,7). This result is particularly visible once plotting the initial polymerisation rate as a function of the specific surface of the emulsion calculated at final conversion (Fig. 3b, circles) . Both results reinforce the notion of interfacial initiation and propagation, as depicted in previous studies.
Since the polymerisation rate depends directly on the total specific surface of the miniemulsion, it is of interest to calculate the concentration of surfactant effectively at the interface in these systems, particularly since the big monomer droplets that disappear from the bare emulsion surely release some DBSA. To calculate the effective concentration of surfactant at the interface, two experiments with the same hexadecane concentration but different surfactant concentrations (Tab. 1, runs 5 and 7) were conducted. The polymerisation rates per mol of DBSA were calculated as 0.149 and 0.143 s -1 , respectively. Since both rates are close, it is reasonable to hypothesise that all surfactant molecules introduced in these recipes cover the particle surface. For all other experiments, the effective interfacial surfactant concentration was then deduced from the ratio between the actual polymerisation rate and the rate of polymerisation per interfacial DBSA concentration (taken as 0.146 s -1 , the average value between the two former). The result is plotted in Fig. 4 . Fig. 4 shows a log-log plot of the final particle size versus the experimental surfactant concentration (diamond) and the interfacial one (solid square). The z-diameter is given in this plot, but similar results were found using the number-average diameter. The particle size depends directly on the calculated concentration but not on the real concentration. In addition, the surfactant concentration is in excess in all experiments except in those containing 0.6 wt.-% hexadecane. The linearity of the log d z vs. log [DBSA] int plot seems to demonstrate that the calculated values are reliable and represent only the surfactant at the interface, which participates directly in the reaction. Such linearity was also observed in conventional styrene miniemulsion preparation [13] , even if the log-log plot seems not to have a clear physical meaning so far. Fig. 4 . Partitioning of the DBSA surfactant at the interface (plain) compared to its overall content (open) for experiments containing various contents of hexadecane and DBSA (runs 1-7), and thus various average particle sizes The fact that excess surfactant remains in water discards the probability of micellar nucleation, as would be expected in conventional emulsion radical polymerisation. If it were the case, continuous nucleation would be seen during the whole polymerisation course, which is against the low polydispersity index found in experiments where no hexadecane was added. As quoted before, the decrease of the average particle size in this latter experiment is rather due to the disappearing of large droplets than to the generation of new ones.
Changing the INISURF
In IPE and particularly for monomers for which the water termination is irreversible, the average molar masses depend on the water concentration at the interface or in other words on the hydrophobicity of the domain surrounding the active chain. In our previous publication, we have shown that these features could be modified using a tertiary alcohol as a co-surfactant [1]. This rather polar molecule, compared to pMOS, generated smaller chains simply by increasing the interfacial water content. An opposite effect was seen during the anionic polymerisation of phenyl glycidyl ether [2] because oligomers generated in situ are dihydroxylated and thus more polar. In an attempt to modify the interface polarity, we moved to a more hydrophobic surfactant, the aristonic acid, which contains two alkyl chains on the benzene ring (see structure in Scheme 1 derived from mass spectrometry analyses). This surfactant was successfully used in some emulsion polycondensation of polydimethylsiloxane as a more efficient acid catalyst than DBSA [14] .
Increasing the aristonic acid concentration induces a much faster polymerisation than DBSA (Fig. 3b, squares) although in lower molar concentrations than DBSA and considering that the final particle sizes are bigger [14] (Tab. 1). This effect is certainly due to an efficient interface covered by the aristonic acid, and enhanced initiation and/or propagation rates. In these ideal conditions (run 11), monomer is consumed in about 1 h. The variations with conversion of the number-average molar mass and of the mass distribution are reported in Fig. 5 for all experiments carried out in the presence of DBSA (circles) and aristonic acid (squares) in the different conditions reported in 8
Tab. 1. Note that even if hexadecane modifies advantageously the particle size, it does not modify the molar masses compared to DBSA-catalysed experiments. This result could be anticipated since it is located inside the particles.
Molar masses are rather similar for the two INISURFs tested (Fig. 5a ), whereas polymolecularity increases significantly when using aristonic acid (Fig. 5b) . The ion pair involving the aristonate surfactant may be slacker compared to the one with DBSA, since the aristonate counter-anion is more hindered than DBSA. Propagation is thus faster but the termination rate also increases, which enlarges the polymolecularity index without modifying much the average molar mass.
Changing the initiating system
In the two precedent cases, polymerisation is initiated and promoted by the ionic surfactant and it occurs logically at the particle interface. A recent paper [15] reported that epoxide polymerisation in emulsion could be catalysed by super-acids, which were found more efficient than usual inorganic acids or sulfonate ones. Particles of about 1 µm in diameter were stabilised by a non-ionic surfactant, which does not participate in the polymerisation. The authors also showed that the degree of polymerisation increased with decreasing temperature, and that the slow kinetics at low temperature could be counter-balanced by adding an excess of catalyst.
These rather puzzling results prompted us to apply such technique to pMOS polymerisation. To do so, two organic acids, namely trifluoromethanesulfonic acid (triflic acid) and p-toluenesulfonic acid (APTS), were used in conjunction with non-ionic surfactants bearing ethylene oxide chains of two different lengths (see Tab. 1, runs 12-17). 6 shows the conversion versus time plots for all experiments done under these conditions. The polymerisation rate increases with temperature as expected from previous studies [1, 2] . Almost similar polymerisation rates are obtained with triflic acid and APTS. These are, however, almost ten times lower than those reached with aristonic acid, although triflic acid and APTS concentrations are higher (5 mol equivalent compared to the surfactant). This result is understood from the obstruction of the interface by hydrophilic ethylene oxide chains.
Variations in molar masses and polymolecularity for the systems initiated with APTS and triflic acid are reported in Fig. 7 , in comparison with the previous DBSA system (dotted line in Fig. 7) . Very different profiles, both in molar mass and polymolecularity variations, are shown within the type of acid used, all conditions being otherwise equal.
(a) (b) Fig. 7 . Number-average molar mass (a) and polymolecularity (b) for experiments carried out with triflic acid and APTS. Similar symbols as in Fig. 6 . Dashed curves are best fits from plots in Fig. 5 for DBSA experiments. Solid lines are only guides for the eyes Polymerisations catalysed with APTS produce shorter chains than with DBSA. This is understood from APTS being much more hydrophilic than DBSA. In parallel, polymolecularity significantly decreases with conversion, after the surface polarity has been set by the short polypMOS oligomers, as reported before [1]. Clearly, APTS, similar to DBSA or aristonic acid, sticks at the interface and prevents formation of long chains. Experiments performed with triflic acid produce longer chains, the molar masses of which vary with temperature. Polymolecularity indices are larger than for the DBSA system and increase with conversion, which is an indication that dead chains are not reactivated in this system.
Since variations of molar masses were not observed whatever the conditions we chose (Fig. 1) [1] , two explanations were proposed: i) the presence of non-ionic surfactant changes the water content at the interface; ii) polymerisation takes place in the bulk of the particles, or at least deeper in the interface layer. The first explanation is incompatible with the fact that the length of the hydrophilic moiety does not influence the molar masses (cf. table entries 13 and 14 for experiments done with Brij 58 and Brij 56, respectively). Another hint against the first argument is seen in the ethylene oxide chains becoming less polar with temperature, in contradiction with the observed decrease in molar masses.
The second explanation agrees with polycondensation/hydrolysis results for polydimethylsiloxane, the equilibrium of which depends on the temperature [16] . The triflate anion is enough lipophilic and bulky to enter deeper into the interface layer. There, fast propagation occurs and termination rate depends on the water concentration, 10 which varies with temperature. This result is very encouraging, because it opens the process to the sought of new initiators that will be hydrophobic enough to process non-controlled polymerisation, but nevertheless leading to high molar masses.
Conclusions
Hexadecane addition in the cationic polymerisation of pMOS in miniemulsion enhances the stability of the system and very small particles were obtained (70 nm). Because the total specific surface is advantageously increased, the polymerisation located at the interface of the particle is faster. The polymerisation rate is also increased using a hydrophobic surfactant, aristonic acid, more active than DBSA. However, average molar masses remained identical, limited around 1000 g/mol. The best way to form polymer chains with high molar masses is to use a mixture of a nonionic surfactant and the triflic acid. In this case, the molar masses reach 1700 g/mol, but the polymerisation rate is drastically decreased.
In every experiment shown here, polymerisation is not controlled: the oligomer chain length depends only on the rate of propagation (very fast) compared to the rate of termination, which varies among the polymerisation conditions. The overall polymerisation reaction is slow because initiation is really not favoured (a quick calculus shows that in best conditions, initiation rate R i is on the order of 10 -5 mol/(L·s). To improve this step, it is necessary to realise the polymerisation inside the particle, which is currently under study in our laboratory.
